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Abstract 

Coating  systems  comprising  an  inhibitor-doped  layer-by-layer  (LBL)  assembly  basecoat 
and  a  dense  organically  modified  silicate  (Ormosil)  topcoat  were  investigated  as  corrosion- 
resistant  coatings  for  2024-T3  aluminum  alloy.  As  single-layer  coatings,  neither  the  LBL  nor  the 
Ormosil  materials  were  found  to  provide  adequate  corrosion  protection  for  the  underlying  metal. 
As  determined  using  electrochemical  techniques,  a  combination  of  the  two  coating  methods  was 
found  to  produce  a  synergistic  enhancement  in  corrosion-resistance  characteristics. 
Incorporation  of  an  active  corrosion  inhibitor  into  the  LBL  coating  was  found  to  improve 
significantly  its  corrosion-resistance  properties.  The  application  of  a  dense  Ormosil  coating  onto 
the  inhibitor-exchanged  LBL  coating  sealed  the  inhibitor  ions  into  the  LBL  coating,  thereby 
producing  a  reservoir  of  corrosion  inhibitors  in  the  direct  vicinity  of  the  metal  substrate.  The 
overlapping,  anisotropic  nature  of  clay  platelets  in  the  LBL  coating  slowed  the  migration  of 
corrosion  initiators  that  may  have  breached  the  integrity  of  the  Ormosil  layer,  while  enabling  the 
lateral  diffusion  of  the  inhibitor  to  the  defect  site.  Two  methods  were  investigated  by  which  to 
remove  the  LBL/Ormosil  coating  systems  from  the  aluminum-alloy  substrate.  Zincate  solutions 
were  found  to  remove  effectively  and  rapidly  LBL/Ormosil  coating  systems  from  the  metal 
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substrate,  leaving  a  thin  zincate  product  layer.  Dilute  oxalate  solutions  were  found  to  remove 
LBL  assemblies  and  to  provide  corrosion  protection  for  the  underlying  metal. 
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I.  LBL/Ormosil  Coating  Systems 
A.  Introduction 

The  U.S.  Air  Force  is  presently  facing  a  critical  need  to  develop  environmentally 
compliant  surface  treatments  designed  to  mitigate  corrosion  of  aircraft  aluminum  alloys  (AA’s). 
Currently  available  surface  pretreatments  for  AA’s  have  been  determined  to  comprise  human  and 
environmental  health  hazards  (e.g. ,  hexavalent-chromium-based  conversion  coatings)  and/or  to 
exhibit  limited  effectiveness  as  corrosion  inhibitors.  The  goal  of  the  proposed  project  is  to 
prepare  and  evaluate  advanced  hybrid  coatings  that: 

•  Are  environmentally  compliant; 

•  Serve  as  an  effective  barrier  layer  that  is  readily  incorporated  into  a  multilayer  paint  system; 

•  Contain  a  reservoir  of  nanoengineered  structures  targeted  to  provide  electrochemically  active 
corrosion  inhibitors  “on  demand”  in  the  case  of  a  barrier-layer  breach;  and 

•  Release  {i.e.,  separate  from  the  substrate)  “on  command.” 

In  recent  years,  a  wide  variety  of  novel  coating  processes  have  been  developed  as 
potential  replacements  for  hexavalent-chromium-based  conversion  coatings  as  described  in 
various  reviews  [1-3].  These  processes  have  relied  on  inorganic  molecules  that  react  with  the 
oxidized  aluminum  surface  to  form  mixed  oxides,  metal  ions  that  are  able  to  oxidize  the  metal 
surface  during  service  life,  organic  polymers  with  a  high  complexing  capacity  for  aluminum 
surfaces,  and  inorganic-film-forming  oxides  [4].  Recent  developments  have  included  rare-earth- 
based  conversion  coatings  [5],  Co-rich  oxide  layers  [6],  Mn-based  conversion  coatings  [7],  Mo- 
based  conversion  coatings  [8],  Zr-based  conversion  coatings  [9],  silane-based  surface  treatments 
[10-1 1],  and  Cr3+-based  conversion  coatings  [12]. 

Coatings  derived  from  organically  modified  silicate  (Ormosil)  materials  [13]  have  found 
use  in  a  diverse  range  of  high-performance  applications,  including  enhancement  of  mechanical, 
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thermal,  optical,  corrosion-resistance,  and  electrical  properties  of  the  underlying  materials  [14]. 
Organically  modified  silicate  (Ormosil)  coatings  have  been  found  to  provide  good  corrosion 
resistance  for  metal  substrates  based  on  their  ability  to  form  dense  barriers  to  the  penetration  of 
corrosion  initiators  [11, 15].  Review  articles  by  Guglielmi  [16],  Knobbe  et  al.  [17],  and  Twite 
and  Bierwagen  [3]  indicate  that  sol-gel-derived  coatings  are  of  interest  for  improving  corrosion 
resistance  of  various  metallic  substrates. 

In  general,  the  corrosion-resistance  behaviors  of  sol-gel-derived  coatings  are  based  on 
the  ability  of  the  coatings  to  provide  excellent  barriers  to  the  penetration  of  corrosion  initiators. 
In  order  to  enhance  the  coating  corrosion-resistance  characteristics,  it  is  necessary  to  introduce 
an  active  corrosion  inhibitor  (ACI)  into  the  coating  system  to  provide  a  secondary  mechanism  of 
corrosion  protection  in  addition  to  the  protective-barrier  properties  of  the  Ormosil.  However,  the 
high  density  of  the  Ormosil  coating,  which  provides  its  good  barrier  properties,  may  inhibit  the 
migration  of  ACI’s  through  the  coating,  thereby  limiting  their  effectiveness.  Therefore,  it  is 
desirable  to  introduce  a  reservoir  of  ACI’s  into  the  system — preferably  in  the  immediate  vicinity 
of  the  metal  surface — which  are  immobilized  on  a  suitable  substrate  layer  in  the  absence  of 
reactions  leading  to  general  or  localized  corrosion. 

Layer-by-layer  (LBL)  film  assembly  has  been  used  to  prepare  coatings  derived  from  a 
variety  of  oppositely  charged  polyelectrolytes  (PE’s)  [18]  with  other  species  such  as  proteins 
[19],  conducting  polymers  [20],  zirconium  phosphate  [21],  dyes  [22],  metal  nanoparticles  [23], 
semiconductor  quantum  dots  [24],  aluminosilicates  [25],  and  graphite  oxide  [26]  onto  various 
substrate  materials.  LBL  assembly  involves  the  adsorption  of  polycations  and  polyanions  from 
solutions  of  charged  species  onto  an  oppositely  charged  substrate.  Subsequent  repetitive 
application,  rinsing,  and  drying  of  the  growing  film  onto  alternatively  charged  PE’s  allows  the 
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buildup  of  a  LBL-assembled  multilayer  coating  system.  The  LBL  assembly  process  is  governed 
by  adsorption  and  desorption  equilibria  of  species  with  appropriate  hydrophobicities,  charges, 
and  charge  densities. 

Previous  work  has  shown  that  the  introduction  of  various  clays  into  LBL  assemblies 
provide  coatings  with  useful  properties.  For  example,  Kleinfeld  and  Ferguson  prepared  LBL 
assemblies  of  poly(diallyldimethyldiammonium  chloride)  (PDDA)  and  exfoliated  sheets  of 
synthetic  hectorite,  a  mica-type  layered  silicate  on  Si  wafers  [27].  Kotov  et  al.  investigated  the 
morphology  and  gas  permeation  of  montmorillonite-PE  self-assembled  multilayer  systems  on 
poly(ethyleneterephthalate)  as  highly  selective  ultrathin  membranes  [28].  At  this  time,  the 
corrosion-resistance  characteristics  of  LBL-derived  coatings  have  not  been  folly  investigated. 
However,  advantages  of  LBL  coatings  for  corrosion  resistance  include  the  simplicity  of  the 
deposition  procedure,  control  of  the  average  thickness  of  the  PE  layers,  the  ability  to  produce 
dense  layers,  and  the  ability  to  exchange  corrosion-inhibiting  ions. 

In  this  study,  the  preparation  and  corrosion-resistance  characteristics  of  multilayer 
LBL/Ormosil  coatings  on  2024-T3  aluminum  alloy  were  investigated.  Experimental  results 
indicate  that  the  investigated  LBL/Ormosil  system  had  the  potential  to  enhance  significantly  the 
corrosion-resistance  characteristics  of  the  underlying  metal  substrate.  In  this  study,  a  multilayer 
system  was  prepared  in  which  an  absorbent,  ion-exchangeable  LBL-assembled  underlayer  is 
exchanged  with  an  ACI.  The  ACI-doped  layer  is  then  sealed  with  a  protective  Ormosil  coating. 
This  coating  system  provides  two  mechanisms  of  corrosion  protection.  First,  the  dense  Ormosil 
layer  provides  primary  barrier  protection.  In  the  event  that  the  integrity  of  the  Ormosil  layer  is 
breached,  the  ion-exchanged  LBL  coating  provides  a  reservoir  of  ACI’s.  At  the  onset  of 
corrosion,  the  ACI  molecules  may  migrate  through  the  underlayer  to  the  corrosion  site,  thereby 
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providing  active  corrosion  protection  in  a  dense  coating  system.  Importantly,  nanocomposite 
LBL  coatings  also  provide  a  barrier  function  to  the  perpendicular  movement  of  ACI’s;  however, 
they  provide  for  the  lateral  diffusion  responsible  for  rapid  delivery  of  ACI’s  to  defect  sites. 

B.  Experimental 

1.  Materials 

Tetraethoxysilane  or  tetraethyl  orthosilicate  (TEOS),  3-(trimethoxysilyl)propyl- 
methacrylate  (MEMO),  and  vinyltrimethoxysilane  (VTMOS)  were  purchased  from  Aldrich  or 
Gelest  and  were  used  as  received.  Swy-2  sodium  montmorillonite  (University  of  Missouri- 
Columbia,  Source  Clay  Minerals  Repository)  was  used  as  received  without  further  purification. 
Poly(acrylic  acid)  (PAA),  molecular  weight  (MW)  ~  450  kDa,  and  poly(diallyldimethyldiammo- 
nium  chloride)  (PDDA),  MW  ~  400-500  kDa,  were  purchased  from  Aldrich  and  used  as 
received. 

2.  Aluminum  Surface  Preparation 

Substrate  materials  were  2024-T3  aluminum  alloys  (AA’s).  Test  pieces  were  first  wiped 
with  hexanes  and  subsequently  with  methanol  to  reduce  the  concentration  of  residue  from  the 
manufacturing  process,  as  well  as  any  debris.  Samples  were  placed  in  covered  glass  containers 
containing  acetone  and  ultrasonicated  (Fisher  Scientific  FS20)  for  approximately  45  minutes, 
then  removed  from  the  solution  and  allowed  to  dry  at  ambient  conditions. 

3.  Preparation  of  Coating  Solutions 

A  “clay  solution”  was  prepared  by  dispersing  approximately  1.5  g  of  clay  in  about  200 
mL  of  deionized  water  followed  by  ultrasonication  for  45  min.  The  solution  was  added  to  800 
mL  of  deionized  water  and  shaken  vigorously  to  promote  dissolution  of  the  clay  material.  The 
“PDDA  coating  solution”  was  a  1%  aqueous  solution  of  PDDA.  The  “PAA  coating  solution” 
was  a  1%  aqueous  solution  of  PAA. 
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4.  Layer-by-Layer  Assembly  Preparation 

In  order  to  prepare  LBL  assemblies,  the  AA  substrates  were  sequentially  immersed  in  a 
PDDA  solution  for  5  min.  to  allow  for  good  adsorption  of  the  PE.  The  samples  were  removed 
from  the  PDDA  solution  and  briefly  rinsed  with  clean  water  from  a  plastic  squeeze  bottle  to 
remove  excess  PE  from  the  surface  and  edges.  Subsequently,  the  samples  were  then  transferred 
to  another  beaker  containing  clean  water  where  they  were  rinsed  for  an  additional  5  min.  The 
samples  were  then  transferred  to  a  beaker  containing  a  PAA  solution,  where  the  PE  was  allowed 
to  adsorb  for  5  min.  The  rinsing  process  was  repeated,  and  the  samples  were  immersed  one  more 
time  for  5  min.  in  PDDA  and  then  rinsed  again.  The  wet  samples  were  immersed  in  the  clay 
suspension  for  5  min. 

This  process  was  repeated  for  up  to  n  =  20  layers,  with  visually  apparent  buildup  of  PE 
and  clay  after  only  n  —  4  layers.  The  production  of  coatings  composed  of  n  >  7  layers  may  not  be 
accomplished  in  one  single  experiment.  Between  layers,  after  the  clay  step  and  rinse,  as 
required,  the  samples  were  dried  with  compressed  air  to  remove  as  much  water  as  possible  and 
placed  on  end  in  a  clean,  dry,  closed  container.  The  experiment  was  then  resumed  in  the 
following  session.  This  interruption  was  not  found  to  affect  the  sample  quality. 

5.  Sol-Gel  Coating  Preparation 

Ormosils  were  prepared  by  mixing  5.6  mL  of  TEOS,  7.6  mL  of  VTMOS,  2.0  mL  of 
MEMO,  and  9.8  mL  of  0.05-molar  ( M)  HNO3.  The  reaction  mixtures  were  stirred  for  one  hour 
prior  to  film  deposition.  The  resultant  Ormosil  solutions  were  deposited  onto  cleaned  or  LBL- 
coated  AA’s  by  a  spray-coating  technique  using  an  airbrush  setup.  The  coatings  were  allowed  to 
dry  at  ambient  conditions  for  at  least  24  hours  prior  to  their  characterization. 
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6.  Corrosion  Inhibitors 

In  order  to  prepare  inhibitor-doped  layers,  LBL-coated  test  coupons  were  immersed  in 
0.25 -M  K2Cr2C>7  for  30  min.  at  room  or  ambient  temperature  ( Tx )  or  into  a  conversion-coating 
solution  developed  by  Schriever  [29]  in  order  to  introduce  Cr6+  or  Co3+  inhibitor  ions, 
respectively.  The  Schriever  conversion-coating  solution  was  prepared  by  mixing  55  g/L  of 
NH4NO3,  26  g/L  of  Co(N03)2-6H20,  and  26.4  g/L  of  HCOOH  in  750  mL  of  H20.  The  pH  of 
this  solution  was  adjusted  to  7.0-7. 1  with  concentrated  NH4OH.  Subsequently,  3.5  mL/L  H2O2 
(30  wt.  %)  and  distilled  H2O  were  added  to  increase  the  volume  to  1  L.  The  stock  solution  was 
heated  to  140  °F  (60  °C)  for  30-90  min.  The  final  pH  was  adjusted  to  6.8-7.0  using 
concentrated  NH4OH.  Prior  to  use,  the  stock  solution  was  allowed  to  cool  to  Tv.  After 
immersion  in  the  inhibitor  solutions,  the  test  coupons  were  rinsed  with  deionized  water. 

7.  Potentiodynamic  Scan  and  Electrochemical  Impedance  Spectroscopy 
Potentiodynamic  scan  (PDS)  and  electrochemical  impedance  spectroscopy  (EIS)  were 

used  to  evaluate  the  protective  properties  of  investigated  coatings.  Detailed  descriptions  of  these 
electrochemical  methods  can  be  found  elsewhere  [30].  Each  coating  system  was  evaluated  in 
triplicate.  Electrochemical  measurements  were  performed  using  a  Gamry  PC3/300  potentiostat 
with  Gamry  Corrosion  Measurement  System  DC  105  and  EIS300  software.  A  three-electrode 
cell  equipped  with  a  Pt  counter-electrode,  a  Ag/AgCl/Cl-  (3 -M  KC1)  reference  electrode,  and  a 
coated  or  noncoated  2024-T3  AA  panel  with  an  exposed  area  of  0.36  cm2  as  the  working 
electrode  was  used.  All  measurements  were  conducted  in  dilute  Harrison’s  solution  (0.35  wt  % 
(NH4)2S04  and  0.05  wt  %  NaCl)  at  25  ±  1  °C.  This  mixture  of  electrolytes  is  considered  to 
emulate  closely  the  atmospheric  environment  for  aircraft  [31].  Coatings  were  immersed  in  dilute 
Harrison’s  solution  15  min.  prior  to  the  test.  The  reported  values  of  potentials  shown  in  the 
polarization  curves  and  listed  in  the  tables  are  given  relative  to  the  Ag/AgCl/Cl-  reference 
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electrode.  PDS’s  were  acquired  in  the  region  from  -50  mV  vs.  Eoc  (open  circuit  potential)  to  the 
pitting  potential,  Epn,  as  determined  using  the  criterion  described  by  Kelly  et  al.  [32],  wherein 
pitting  occurs  by  the  time  the  anodic  current  density  of  the  specimen  reached  Ja  =  3  *  10-5 
A/cm2. 

EIS  tests  were  performed  in  triplicate  on  a  Gamry  PC3/300  potentiostat  using  a  Gamry 
Corrosion  Measurement  System  CMS  100  and  CMS300  software.  Coatings  were  immersed  in 
dilute  Harrison’s  solution  for  30  min.  before  data  acquisition.  The  electrode  arrangement  is 
identical  to  the  above-described  PDS  cell  setup.  EIS  spectra  were  acquired  in  the  frequency  (f) 
range  of  10  mHz  to  10  kHz  (10~2-10+4  Hz)  with  10  mV-applied  alternating  current  (vs.  E<f). 
Standard  coating-analysis  criteria  are  as  follows:  Impedance  values  of  |Z|  >  10  G  em  are 
indicative  of  coatings  with  excellent  barrier  properties.  Coatings  with  106  <  |Z|  <  109  G  em2  are 
considered  to  be  good  coatings.  Coatings  with  |Z|  <  106  Gem2  are  considered  to  be  poor 
coatings  [33]. 

The  polarization  resistance  method,  using  Gamry  software,  was  used  to  define  corrosion 
potential,  Econ\  corrosion  resistance,  Rcm,  which  is  defined  as  the  slope  of  the  current  density- 
potential  curve  at  the  corrosion  potential;  and  corrosion  current  density,  Jcon,  which  is  defined  as 
20  mV/i?COrr,  as  per  ASTM  G3-89.  PDS,  using  Gamry  software,  was  used  to  define  Econ  and  Ep jt. 

8.  Solid-State  Nuclear  Magnetic  Resonance  Spectroscopy 

Solid-state  nuclear  magnetic  resonance  (NMR)  experiments  were  performed  on  a 
Chemagnetics  CMX-II  300-MHz  (7.06-T)  spectrometer  using  a  Chemagnetics  300VXP-208 
double-resonance  (H-X)  probe  for  data  collection.  Resonance  frequencies  for  C  and  H  were 
75.6  and  301.0  MHz,  respectively.  All  peaks  were  referenced  to  an  external  tetramethylsilane 
standard.  Magic-angle  spinning  (MAS)  was  carried  out  in  5-ram  zirconia  rotors,  spinning  at  6 
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kHz.  NMR  spectra  were  collected  with  a  quasi-adiabatic  cross-polarization  (CP)  pulse  sequence 
[34]  using  a  1-s  pulse  delay,  a  2-ms  contact  time,  a  4-ps  pulse  width,  and  10,000  scans. 

C.  Results  and  Discussion 

1.  Characteristics  of  Single-Layer  LBL  and  Ormosil  Coatings 

The  multilayer  LBL-assembled/Ormosil  coatings  investigated  during  this  study  were 
composed  of  an  inhibitor-doped  LBL  basecoat  and  an  Ormosil  topcoat.  Figure  1  shows  a 
schematic  of  this  coating  system.  Figure  2  shows  the  structures  of  the  polyelectrolytes  and 
silanes  used  in  this  study. 


Figure  1:  Representation  of  a  Multilayer  Coating  System  Comprising  an  Inhibitor-Doped 
LBL-Assembled  Basecoat  and  a  Sol-Gel-Derived  Ormosil  Topcoat 

The  LBL  coating  was  prepared  by  the  repetitive,  sequential  immersion  of  the  substrate 
material  in  solutions  of  positively  charged  PDDA  polycation,  negatively  charged  PAA 
polyanion,  and  montmorillonite  clay  platelets  in  a  fashion  similar  to  that  previously  described  by 
Kotov  et  al.  [28].  Electrostatic  attraction  between  the  charged  species  produces  thin,  nanometer- 
scale  monolayers  on  the  substrate  material. 
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LBL-assembled  coatings  containing  different  functionalities  made  from  weak  PE’s  can 
be  used  as  reservoirs  for  ACI  ions.  Dilute  aqueous  dispersions  of  montmorillonite  clay  particles 
are  known  to  exfoliate  into  single  sheets  (or  thin  platelets)  in  which  the  negative  charge  is 
balanced  by  inter-  and  intralamellar  Na+  cations.  These  montmorillonite  sheets  and  platelets  are 
expected  to  preferentially  self-assemble  parallel  to  the  substrate  [35]  and  to  cover  large  surface 

t 

areas,  thereby  smoothing  defects  introduced  during  the  LBL  film-formation  process  [36].  The 
negatively  charged  PAA  may  provide  ion-exchange  capacity  for  positively  charged  ions,  such  as 
Co3+  and  Cr34.  The  positively  charged  PDDA  may  provide  ion-exchange  capacity  for  negatively 
charged  ions,  such  as  CxiO*'.  These  characteristics  are  of  interest  to  corrosion  resistance  studies 
due  to  (a)  their  ability  to  produce  a  dense,  pore/defect-free  layer;  and  (b)  their  capability  of 
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allowing  ion  exchange  with  ACI  ions.  The  presence  of  these  exchange  sites  affords  tremendous 
versatility  and  the  possibility  of  fine-tuning  the  properties  of  LBL  coatings  for  inhibitor 
absorption  and  corrosion  protection. 

The  Ormosil  coating  investigated  is  a  mixture  of  TEOS,  VTMOS,  and  MEMO.  Their 
'H-I3C  CP/MAS  NMR  spectra,  shown  in  Figure  3,  indicate  that  the  network  structure  of  this 
Ormosil  contains  pendant  vinyl  and  methacrylate  groups  that  are  expected  to  occupy  pore  space 
and  surface  positions.  Distinct  chemical  shift  peaks  are  observed  in  the  *H-C  CP/MAS  NMR 
spectrum  due  to  vinyl  (138.3  and  130.1  ppm)  and  methacrylate  (169.2,  137.7,  126.8,  67.1,  22.0, 
18.2,  and  8.5  ppm)  functionalities  [37].  Additional  peaks  are  observed  in  the  0-35-ppm  region, 
indicating  small  contributions  from  possible  acid-catalyzed  homopolymerization  of  vinyl  groups. 
The  presence  of  pendant  groups  is  anticipated  to  make  the  Ormosil  coating  more  hydrophobic, 
slowing  the  penetration  of  water  and  corrosion  initiators. 


ppm 


Figure  3:  *H-13C  CP/MAS  NMR  Spectra  of  a  TEOS-VTMOS-MEMO  Ormosil 
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2.  Characteristics  of  Inhibitors  Investigated 

Cr6+  and  Co3+  ions  were  selected  as  inhibitors  for  this  study  based  on  their  reported 
corrosion-resistance  characteristics.  Hexavalent  chromium  was  chosen  as  a  control  because  it  is 
used  as  the  active  ingredient  in  standard  military  and  industrial  corrosion-resistance  pretreatment 
for  aluminum  alloys.  While  the  composition,  structure,  and  mechanism  of  corrosion  protection 
provided  by  chromate  ions  is  not  definitively  known,  extensive  research  in  this  area  has  provided 
insights  into  the  unique  aspects  of  these  coating  systems  [38].  The  cobalt  conversion  coating 
developed  by  Schriever  was  chosen  based  on  the  reported  excellent  corrosion-resistance 
characteristics,  lower  toxicity  of  cobalt(III)  compared  to  chromium(VI),  and  reported  good  paint 
adhesion  properties  [1].  The  cobalt  conversion  coating  is  prepared  from  an  aqueous  solution  of  a 
cobalt(II)  salt,  an  ammonium  salt,  an  inorganic  complexing  agent,  an  organic  complexing  agent, 
and  an  oxidizing  agent,  leading  to  the  formation  of  highly  stable  cobalt(III)  complexes  that  are 
stored  in  the  oxide  conversion  coating.  The  complexes  are  believed  to  be  of  the  general  formula 
Na3[Co(N02)2'(X)4]  (X  =  "OOCH,  _OOCCH3,  etc.)  based  on  the  reagents  listed  in  the 
experimental  portion  of  the  patent.  The  soluble  inhibitor  complexes  formed  may  migrate 
throughout  the  coating  system  and/or  over  the  surface  providing  a  self-healing  repair  process 
considered  similar  to  that  exhibited  by  the  chromate  conversion  coating  [1]. 

3.  Coating  Characterization  Methods 

Corrosion-resistance  characteristics  of  single-  and  multilayer  LBL/Ormosil  coatings  were 
analyzed  using  electrochemical  techniques:  polarization  resistance  method,  potentiodynamic 
polarization  scan,  PDS,  and  EIS.  Electrochemical  analysis  methods  provide  a  quantitative 
description  of  coating  characteristics. 

The  models  used  for  coating  analysis  via  EIS  were  the  equivalent-electrical-circuit  model 
for  a  simple-corroding-electrode  model  ( ASTM  G3 )  and  the  model  for  a  typical  coated  metal,  as 
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selected  from  the  Gamry  software.  Figure  4  shows  the  equivalent  circuits  used  to  model  the 
experimental  data.  Model  (a)  is  a  simple-corroding-electrode  model  ( ASTM  G3 )  used  for 
analysis  of  bare  AA’s  and  Cr6+/Cr3+-treated  metals,  where  Ru  is  the  solution  resistance;  Rp0\  is  the 
polarization  resistance;  Rpo  is  the  pore  resistance;  Rt0 1  is  the  total  resistance,  the  sum  of  the 
resistive  components  of  the  equivalent  circuit,  Rpo  +  Rpo i;  and  C<ji  is  the  double-layer  capacitance. 
Model  (b)  is  typical  of  the  coated  metals  used  for  LBL  and  Ormosil  coatings,  where  Cc  denotes 
the  coating  capacitance. 


Figure  4:  Models  Used  To  Fit  Electrochemical  Impedance  Data 


Figure  5  represents  a  typical  Bode  plot  for  a  LBL  film  assembly  (15  layers)  on  2024-T3 
AA,  in  which  Curve  1  is  a  plot  of  |Z(/)|;  Curve  2  is  a  plot  of  phase  angle,  cp (/);  and  the  solid  line 
is  a  curve  fit  for  a  typical-coated-metal  model.  The  undamaged  coating  generally  exhibited  very 
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high  | Z|  values  at  low  f  The  approach  of  <p  — *  -90°  at  low  /  is  also  indicative  of  a  good, 
homogeneous  coating. 


Potertlcststk:  BS 


Figure  5:  EIS  Data  Recorded  for  15  Layers  of  LBL  Coating 
4.  Corrosion-Resistance  Characteristics  of  Inhibitors 

Corrosion-resistance  characteristics  of  Cr6+-  and  Co3+-based  surface  treatments  were 

investigated  using  EIS  and  PDS.  Table  I  and  Table  II  present  the  numerical  results  while  Figure 

6  (p.  15)  plots  the  PDS  results  for  all  coating  systems  investigated. 

•  Plot  I  displays  values  for  (a)  bare  2024-T3  AA,  (b)  AA  treated  with  K2Cr2C>7,  and  (c)  AA 
treated  with  a  Co3+-based  conversion  coating. 

•  Plot  II  displays  values  for  (a)  an  LBL/Ormosil  coating,  (b)  an  Ormosil  coating,  and  (c)  an 
LBL  coating  («  =  15). 

•  Plot  III  displays  values  for  (a)  a  Co-exchanged  LBL  coating  and  (b)  a  Cr-exchanged  LBL 
coating. 

•  Plot  IV  displays  values  for  (a)  a  Co-exchanged  LBL/Ormosil  coating  system  and  (b)  a  Cr- 
exchanged  LBL/Ormosil  coating  system. 
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Table  I:  Electrochemical  Characteristics  Derived 
from  EIS  for  Coating  Systems  Under  Investigation 


Composition 

Cc|iF/cm2 

E3H23SSI 

BM5SE51 

areim—i  wgBKmaw  1 

2024-T3  AA 

— 

48 

— 

48 

— 

0.25  A/K2Cr207 

3 

1580 

10 

1590 

-64 

Schriever 

3 

316 

18 

334 

-47 

2 

1015 

17 

1032 

-22 

Ormosil 

0.1 

121 

5 

127 

-12 

LBL/Ormosil 

0.2 

1352 

2 

1355 

-81 

LBL+CoJ+ 

3 

1922 

8 

1930 

-63 

LBL+Crb+ 

3 

2520 

15 

2535 

-80 

LBL+CoJ+/Ormosil 

mm mm 

2038 

137 

2169 

-62 

LBL+Cr^/Ormosil 

hdqssh 

2624 

151 

2775 

-65 

Table  II:  Electrochemical  Characteristics  Derived 
from  PDS  for  Coating  Systems  Under  Investigation 


Composition 

Jcorr  x  lO^  A/cm1 

£corn  V 

EcorrvkQ’Cm^ 

2024-T3  AA 

5 

-0.682 

-0.509 

49 

0.25  MK2Cr207 

0.16 

-0.390 

-0.09 

1500 

Schriever 

0.79 

-0.348 

-0.158 

320 

LBL  (n  =  15) 

0.24 

-0.477 

-0.310 

1042 

Ormosil 

1.95 

-0.463 

-0.02 

128 

LBL/Ormosil 

0.19 

-0.330 

+0.11 

1300 

LBL+CoJ+ 

0.12 

-0.410 

-0.09 

1985 

LBL+Cr^ 

0.1 

-0.390 

+0.06 

2500 

LBL+CoJ+/Ormosil 

0.09 

-0.49 

4*1.3 

2617 

LBL+Crb+/Ormosil 

0.12 

-0.45 

+0.88 

2037 

PDS  data  indicate  the  Cr6+  ion  provides  good  corrosion-resistance  characteristics,  as  Rcon 
was  found  to  increase  from  49  kQ-cm2  for  bare  AA  to  1500  kfi-cm2  upon  treatment  with  Cr6* 
ions.  Similarly,  Ecorr  and  Epit  values  were  found  to  shift  to  more-positive  values  from  -0.682  V 
and  -0.509  V  for  bare  AA  to  -0.390  V  and  -0.09  V,  respectively,  for  AA  treated  with  Cr6+.  EIS 
data  at  low / also  show  the  increase  of  Rpo\  from  48  k£Tcm2  to  1580  kQ-cm2  upon  treatment  with 
Cr6+  ions.  The  Co3+-based  conversion  coating  developed  by  Schriever  showed  a  low  Rto t  value 
of  334  kQ-cm2.  The  values  of  Epit  and  ECOit  were  shifted  to  -0.158  and  -0.348  V,  respectively, 
indicative  of  a  coating  providing  some  corrosion  protection.  As  with  the  Cr6+  treatment,  high  Cc 
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values  indicate  the  thin  nature  of  this  conversion  coating,  taking  into  consideration  the  inverse 


relationships  between  coating  capacity  and  film  thickness 


>  0.4 


-10  -8 


8-6-4 
log /a,  A/cm2 


Figure  6:  Potentiodynamic  Scans 


5.  Optimization  of  LBL  Coating  Properties 

In  order  to  determine  the  optimum  number  of  polyelectrolyte  layers  needed  for  complete 
AA-substrate-surface  coverage,  electrochemical  characteristics  were  investigated  as  a  function  of 


the  number  of  layer  deposition  cycles,  as  reported  in  Table  III. 
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Table  III:  Electrochemical  Characteristics  for  LBL  Coatings  on  2024-T3 
Aluminum  Alloy  as  a  Function  of  the  Number  of  LBL  Films  Deposited 


V*  .  n  ■ 

EK55SS9 

dlSUSSI 

2024-T3  AA 

— 

— 

42 

42 

3 

4.1 

8 

374 

384 

5 

4.1 

6 

396 

402 

7 

4.7 

12 

344 

356 

9 

5.3 

11 

540 

551  ! 

11 

3.7 

11 

544 

555 

13 

5.3 

14 

1361 

1375 

15 

1.9 

17 

1015 

1032 

17 

1.0 

21 

1404 

1329 

20 

1.0 

17 

1010 

1027 

Figure  7  plots  i?tot(«)  values.  As  n  increased  from  0  to  5,  an  increase  in  Riot  from  42  to 
402  kQ-cm2  was  observed.  An  increase  in  n  from  5  to  1 1  did  not  significantly  increase  the  value 
of  RXot.  An  increase  in  n  from  1 1  to  13  led  to  a  further  increase  in  Rt0 t  from  555  to  1375  kfi-cm  . 
When  the  number  of  polyelectrolyte  layers  increased  to  n  =  20,  it  did  not  appear  to  increase  Rt0 1. 
For  coatings  prepared  from  n  =  20,  a  dramatic  decrease  in  film  adhesion  was  observed,  as  these 
coatings  were  found  to  readily  delaminate  from  the  substrate.  For  this  reason,  n  =  15  was  chosen 


Figure  7:  Total  Resistance  as  a  Function  of  the  Number  of  Layers 
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as  the  optimum  LBL  coating  for  further  investigation,  as  this  coating  thickness  appears  to 
provide  good  AA  surface  coverage  and  to  maintain  good  adhesion  characteristics. 

A  decrease  is  observed  in  Cc  extracted  from  the  typical-coated- 
metal  model  from  5.3  pF/cm2  for  n  =  9  PE  layers  to  1.9  pF/cm2  for  n  =  15 
and  further  to  1.0  pF/cm2  for  n  =  20.  Considering  Equation  (1),  which  defines  Cc  in  terms  of  8r, 
the  relative  dielectric  constant;  eo,  the  absolute  dielectric  constant  of  a  vacuum  (8.85  x  10-12 
F/m);  A,  the  electrode  surface  area;  and  d,  the  coating  thickness,  this  behavior  is  indicative  of  an 
increase  in  d  of  the  LBL  assembly  [39].  It  is  anticipated  that  the  addition  of  each  subsequent 
LBL-assembled  layer  would  lead  to  a  gradual  linear  increase  in  d  and  therefore  in  Rt0 1.  However, 
this  behavior  is  not  observed.  Two  regions  were  observed  in  which  Rtoi  remained  relatively 
constant  with  increasing  n.  This  behavior  may  be  attributed  to  the  AA  surface  preparation  and/or 
homogeneity.  In  the  event  that  the  AA  substrate  contains  islands  that  are  not  charged  or  are 
hydrophobic  due  to  insufficient  cleaning,  inhomogeneous  coating  deposition  would  be  observed. 
During  the  first  few  layers,  a  nonlinear  increase  in  coverage  is  observed  as  the  film  is  covering 
properly  cleaned  areas  in  preference  to  defect  sites.  With  repetition  of  the  film-deposition 
procedure,  the  surface  becomes  covered,  leading  to  real  film  growth  and  an  increase  in  *«of 
Until  the  first  complete  layer  is  deposited,  Cc  is  determined  by  the  AA  surface  inhomogeneities. 

Despite  increases  in  Rtol  with  n,  a  significant  increase  in  corrosion  resistance  was  not 
observed  upon  coating  the  AA  with  the  n  =  15  LBL  film.  /?corT  values  were  found  to  be  1042 
kQ-cm2  compared  to  1500  kO-cm2  for  Cr6+-based  coating.  Observed  Econ  values  were  found  to 
be  -0.682,  -0.390,  and  -0.477  V  for  bare  AA,  Cr6+-treated  AA,  and  a  n  =  15  LBL-assembled 
coating,  respectively.  Similarly,  Epn  values  were  -0.509,  -0.09,  and  -0.310  V  for  analogous 
coatings.  This  shift  into  the  more-positive  potential  region  for  Econ  and  Epit  indicates  the 
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formation  of  a  thin,  protective  film  on  the  substrate;  while  the  LBL  film  assembly  may  provide 
minimal  corrosion  protection,  the  corrosion-resistance  performance  of  the  Cr6+  is  superior  to  that 
of  the  LBL  film  assembly.  The  q>  for  |Z]  at  low  /is  closer  to  -90°  for  Cr6+  (-64°)  than  for  a  n  = 
15  LBL  coating  (-22°),  also  indicative  of  the  superior  coverage  and  corrosion-protection 
properties  of  Cr6+.  Despite  the  low  corrosion-protective  properties  afforded  by  the  LBL  coating, 
Rpo  was  found  to  be  in  the  range  of  6-21  kO-cm2  for  all  investigated  systems;  these  results 
indicate  that  the  LBL  coating  forms  a  passivating  layer  on  the  surface  of  the  AI2O3  and  increases 
the  natural  AI2O3  resistance. 

6.  Corrosion  Protection  Provided  by  Incorporation  of  Montmorillonite 
Clay  Platelets 

Recent  work  by  Dai  has  shown  that  alternating  PE  thin  films  without  clay  particles  inside 
the  layer  structure  provides  good  corrosion  protection  for  aluminum  surfaces  [40].  To  determine 
the  corrosion-protective  properties  of  the  montmorillonite  clay  platelets  in  the  LBL  assembly, 
PDDA/PAA/clay  LBL  assemblies  were  compared  to  analogous  PDDA/PAA  coatings  prepared 
without  clay  particles  in  the  layer  structure.  Table  IV  shows  results  of  electrochemical  analysis 
for  these  coating  systems.  Impedance  data  indicate  that  incorporation  of  clay  platelets  increases 
Rpoi  for  n  =  13,  15,  and  17  coatings  by  more  than  twofold.  The  Rpo\  values  are  in  the  ranges  of 
447-501  and  1010-1404  kITcm2  for  n  =  13-17  coatings  without  and  with  the  clay  platelets, 
respectively.  The  Rpo  is  very  small  for  both  systems,  but  the  value  for  PDDA/PAA  assemblies  is 
one  order  of  magnitude  lower  than  for  PDDA/PAA  clay  assemblies.  The  Cc  is  more  than  two 
times  lower  for  n  =  13-17  layered  films  containing  clay  platelets  than  for  analogous  coatings 
prepared  without  clay  platelets;  this  behavior  may  be  indicative  of  their  increased  thickness  and 
better  protective  properties,  as  surface  passivation  generally  increases  with  coating  thickness. 
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Table  IV:  Electrochemical  Characteristics  for  LBL  Coatings 
With  and  Without  Clay  Platelets  on  2024-T3  Aluminum  Alloy 
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These  data  indicate  that  clay  platelets  provide  the  LBL  films  with  additional  corrosion- 
protective  properties.  In  the  course  of  LBL  deposition  they  are  assembled  into  well-ordered 
structures  wherein  individual  sheets  are  oriented  parallel  to  each  other  and  to  the  substrate 
surface.  Platelet  organization  of  this  type  yields  a  very  high  barrier  function,  approximately  12* 
higher  than  in  the  case  of  PE  combinations  with  random  platelet  orientations.  LBL  organization 
greatly  reduces  the  permeation  of  gases  and  ions  through  such  films  [41]. 

7.  Corrosion-Resistance  Characteristics  of  the  Ormosil  Thin  Film 
The  Ormosil  used  in  this  study  provided  moderate  corrosion-resistance  characteristics  for 
the  2024-T3  AA  substrate.  Rcon  was  128  kQ-cm2;  similarly,  Rpo  was  low,  5  kft-cm2,  indicative  of 
porosity  present  in  the  coating.  Cc  was  smaller  for  the  Ormosil  coating  than  for  the  LBL  coating, 
indicating  that  the  thickness  of  the  Ormosil  was  greater  than  that  of  the  LBL  coating  (assuming 
that  that  they  have  similar  6r  values).  ECOn  and  Epn  were  found  to  shift  in  the  positive  direction 
upon  coating  the  metal  substrate  with  the  Ormosil  coating.  For  example,  Econ  was  found  to 
increase  from  -0.682  to  -0.463  V  and  Epn  was  found  to  increase  from  -0.509  to  -0.02  V, 
indicating  an  enhancement  in  corrosion  protection  afforded  by  coating  the  AA  surface  with  the 
Ormosil  thin  film.  The  moderate  corrosion  protection  afforded  by  the  Ormosil  coating  was 
confirmed  by  the  salt-spray  test  (results  not  shown),  as  localized  pitting  was  observed  on  the  test 
coupon.  Corrosion-resistance  properties  of  the  Ormosil  coating  may  be  attributed  to  moderate 
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barrier  properties  and  to  excellent  compatibility  and  adhesion  between  the  metal  substrate  and 
the  Ormosil  coating. 

8.  Corrosion-Resistance  Characteristics  of  Inhibitor-Doped  LBL  Films 

Introduction  of  known  ACI  ions  using  the  exchange  capacity  of  the  LBL  coating  gives  an 
increase  of  corrosion-resistance  characteristics  of  the  LBL  films.  Inhibitor  incorporation  was  not 
found  to  change  d  significantly,  as  Cc  remained  in  the  same  range  for  non-doped  and  inhibitor- 
doped  LBL  film  assemblies.  i?tot  was  found  to  increase  from  1032  kO-cm2  for  non-doped  LBL  to 
1930  and  2535  kQ-cm2  for  Co3+-  and  Cr6+-doped  LBL  films,  respectively.  Similarly,  Ecorr  values 
were  found  to  increase  slightly  from  -0.477  V  for  non-doped  LBL  to  -0.410  and  -0.390  V,  for 
Co3+-  and  Cr6+-doped  LBL  films,  respectively;  Epu  values  were  also  found  to  increase  from 
-0.310  V  for  non-doped  LBL  to  -0.09  and  +0.06  V,  for  Co3+-  and  Cr6+-doped  LBL  films, 
respectively.  Analogously,  (p  also  changed  from  -22°  to  -63°  and  -80°  for  Co3+-  and  Cr6+- 
exchanged  LBL  coatings,  respectively. 

9.  Multilayer  Coating  Systems 

Figure  8  shows  a  scanning  electron  micrograph  (SEM)  of  the  cross-section  of  an 
LBL/Ormosil  coating  system.  Five  distinct  regions  are  observed  in  this  image:  (1)  the  AA 
substrate,  (2)  the  LBL  coating,  (3)  the  LBL  coating/sol-gel  coating  interfacial  layer,  (4)  the  sol- 
gel  coating,  and  (5)  the  imbedding  polymer  matrix.  From  this  image,  the  LBL,  interface,  and 
sol-gel  coating  thicknesses  are  estimated  to  be  approximately  0.5, 0.5,  and  1  pm,  respectively. 

Although  ACI  ions  are  expected  to  retain  some  of  their  mobility  in  the  LBL/Ormosil 
coating  system,  the  ACI  ions  are  anticipated  to  be  concentrated  in  the  LBL  coating.  The 
uppermost  portion  of  the  LBL  coating  may  become  sealed  by  the  sol-gel  film  as  curing  may 
promote  condensation  reactions  between  the  sol-gel  film  and  the  clay  platelets,  resulting  in  a 
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thin  interfacial  layer.  The  LBL  coating  near  the  AA  surface  is  expected  to  remain  unchanged 
and  to  serve  as  a  medium  for  ACI  diffusion. 


Figure  8:  Cross-Section  of  an  LBL/Ormosil  Coating  System  (SEM) 


10.  Non-Inhibitor-Doped  LBL/Ormosil 

Additional  corrosion  protection  is  provided  when  the  LBL  coating  is  used  in  combination 
with  the  sol-gel  coating  when  compared  to  the  LBL  or  Ormosil  coatings  alone.  Rtot  was  found  to 
increase  from  1032  kQ-cm2  for  non-doped  LBL  to  1355  kOcm2  LBL/Ormosil  multilayer  films. 
Econ  values  increased  from  -0.477  V  for  LBL  to  -0.330  V  for  the  LBL/Ormosil  coating;  Ep\t 
values  were  also  found  to  increase  from  -0.310  V  for  non-doped  LBL  to  +0.11  V  for 
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LBL/Ormosil  multilayer  coatings.  The  9  at  low  /for  the  15-layer  LBL  film/Ormosil  is  -81°, 
indicative  of  a  good  quality,  undamaged  coating.  These  properties  also  indicate  that  the  Ormosil 
layer  is  highly  compatible  with  the  underlying  LBL  coating. 

1 1.  Inhibitor-Doped  LBL/Ormosil  Multilayer  Coating  Systems 
Combination  of  an  inhibitor-doped  LBL  coating  with  an  Ormosil  coating  was  found  to 

enhance  the  corrosion-resistance  characteristics  of  the  LBL  coatings.  R\0\  was  found  to  increase 
from  1355  k£2-cm2  for  LBL/Ormosil  to  2169  and  2775  kfi-cm2  for  Co3+-  and  Cr6+-doped 
LBL/Ormosil  films,  respectively.  For  these  coating  systems,  Econ  values  were  found  to  decrease 
from  -0.330  V  for  non-doped  LBL  to  -0.49  and  -0.45  V,  for  Co3+-  and  Cr6+-doped 
LBL/Ormosil  films,  respectively;  Ep jt  values  were  found  to  dramatically  increase  from  +0.11  V 
for  non-doped  LBL  to  +1.3  and  +0.88  V  for  Co3+-  and  Cr^-doped  LBL  films,  respectively.  Rpo 
increased  from  <15  kO-cm2  for  all  other  LBL/Ormosil  combinations  to  137—151  kQ-cm2, 
indicating  the  combination  of  the  Ormosil  barrier  properties  with  those  of  file  inhibitor-doped 
LBL  coating  produces  a  coating  system  in  which  it  is  harder  to  penetrate  the  pores. 

12.  Performance  Characteristics  of  Multilayer  LBL/Ormosil  Coating 
Systems 

Ion-exchanged  LBL/Ormosil  coatings  were  found  to  provide  good  corrosion  protection  of 
2024-T3  AA.  Synergistic  properties  of  the  component  layers  are  expected  to  contribute  to  the 
corrosion-resistance  properties.  The  coating  system  is  composed  of  (a)  an  inhibitor-doped  LBL 
base  layer  and  (b)  a  dense,  sol-gel-derived  topcoat,  as  shown  in  Figure  9.  The  inhibitor-doped 
LBL  coating  is  expected  to  provide  a  reservoir  for  ACI  ions.  In  the  absence  of  reactions  leading 
to  corrosion,  the  ions  are  immobilized  within  the  LBL  coating  due  to  electrostatic  attractions 
between  the  ion  and  the  charged  polyelectrolyte  or  clay  layers.  The  dense  sol-gel-derived 
topcoat  provides  a  primary  mechanism  of  barrier  corrosion  protection. 
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Figure  9:  Representation  of  the  Migration  of  Active  Corrosion  Inhibitor  Ions  through  the 

Multilayer  LBL/Ormosil  System 

In  the  event  that  the  integrity  of  the  sol-gel  layer  is  breached,  water  and  other  corrosion 
initiators  may  permeate  into  the  LBL  coating,  promoting  migration  of  ions  within  it.  The 
permeation  rates  of  H2O,  O2,  and  ACI’s  are  expected  to  decrease  as  a  function  of  (a)  LBL 
coating  thickness,  density,  and  defect  content;  (b)  Ormosil  coating  thickness,  density,  and  pore 
size;  (c)  overall  coating  system  density  and  adhesion  to  metal  substrate;  and  (d)  compatibility 
between  the  LBL  and  sol-gel  coatings. 

Tr-cured  Ormosil  thin  films  are  expected  to  contain  a  certain  amount  of  inherent  porosity, 
dependent  on  cure  time  and  the  catalyst  used.  The  acid  catalysis  used  in  this  study  may  produce 
linear  siloxane  chains  that  yield  a  higher-density  coating  than  those  prepared  using  base 
catalysis.  However,  the  presence  of  open,  interconnected  porosity  in  the  Ormosil  thin  film  is 
expected  to  provide  channels  for  the  migration  of  corrosion  initiators  through  the  coating,  even 
though  the  rate  of  penetration  should  be  slowed  significantly. 

In  ACI-doped  LBL  films,  the  corrosion  initiators  that  penetrate  the  sol-gel  coating  are 
expected  to  be  attracted  to  the  ion-exchange  capacity  of  the  montmorillonite  clay  platelets.  The 
presence  of  small  amounts  of  water  are  expected  to  aid  in  the  migration  of  these  species  along 
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the  clay  platelets,  parallel  to  the  AA  surface,  thereby  providing  a  more  difficult  path  for  the 
initiators  to  follow  towards  the  metal  as  compared  to  a  straight  channel  or  open  pore.  The 
initiators  potentially  may  also  be  absorbed  by  the  clay  platelets,  limiting  their  migration. 

D.  Conclusions 

Single-  and  multilayer  LBL/Ormosil  coating  systems  were  investigated.  The  optimum 
number  of  layers  for  the  LBL  coating  was  found  to  be  n  =  15,  as  this  thickness  provided 
adequate  substrate  coverage  and  adhesion.  Although  the  resistance  of  LBL  coatings  is  minimal, 
they  form  the  passivating  layer  on  the  surface  aluminum  oxide  and  increase  the  oxide  resistance. 
Incorporation  of  ACI’s  was  found  to  increase  the  corrosion  resistance  of  the  LBL  coatings.  The 
application  of  a  dense  barrier  Ormosil  layer  was  found  to  seal  the  ACI’s  into  the  LBL  coating, 
providing  a  reservoir  of  ACI’s.  The  LBL/Ormosil  coating  system  provides  several  functions, 
including:  (a)  the  barrier  properties  of  the  Ormosil  layer  result  in  a  reduction  of  the 
concentration  of  corrosion  initiators  that  come  in  contact  with  the  ACI  reservoir  and  ultimately 
the  metal  substrate;  (b)  the  LBL  coating  may  potentially  change  the  pathway/rate  by  which  the 
initiators  approach/migrate  to  the  AA;  and  (c)  the  exchanged  LBL  coating  may  release  ACI  ions 
in  the  vicinity  of  a  defect  site,  thereby  mitigating  corrosion  reactions  on  the  metal  surface. 

II.  Release-on-Command  Technologies 

A.  Introduction 

LBL/Ormosil  coating  systems  on  AA’s  provide  an  interesting  challenge  for  coating 
removal.  This  behavior  stems  from  the  fact  that  these  coating  systems  are  not  susceptible  to 
degradation  using  common  techniques  employed  for  the  removal  of  organic  coatings  from  metal 
substrates,  presumably  due  to  the  potential  to  form  covalent  Si-O-Al  bonds  with  the  underlying 
AI2O3  surface  layer  and  their  chemical  inertness.  The  main  goal  of  this  portion  of  the  research 
effort  was  to  determine  a  coating-removal  technique  that  will  remove  both  Ormosil  and  LBL 
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coatings  “on  demand”  without  destroying  the  AA  surface.  Two  coating  removal  methodologies 
were  investigated:  (a)  immersion  in  a  basic  zincate  solution  and  (b)  immersion  in  a  dilute 
sodium  oxalate  solution. 

B.  Ormosil  Dissolution  in  Various  Solvents 

Various  acidic,  basic,  and  organic 
solvents  were  investigated  as  Ormosil-coating- 
removal  agents  from  2024-T3  AA  substrates. 

Table  V  shows  the  results  of  30-min. 
immersion  experiments.  Polar  organic 
solvents,  such  as  alcohols  and  ketones,  were 
found  to  affect  the  Ormosil  coatings 
investigated.  The  effectiveness  of  the  alcohol 
was  found  to  be  inversely  proportional  to  the 
length  of  the  hydrocarbon  chain,  as  methanol  was  found  to  affect  the  Ormosil,  while  ethanol  and 
isopropanol  were  not.  It  is  anticipated  that  the  effectiveness  of  alcohol-  and  ketone-based 
solvents  resides  in  the  ability  of  these  solvents  to  solubilize  the  organic  portions  of  the  Ormosil 
coating,  thereby  degrading  the  integrity  of  the  coating.  Hexanes  solution,  a  nonpolar  organic 
solvent,  was  not  found  to  affect  the  integrity  of  any  of  the  Ormosil  coatings.  Acidic  solutions, 
prepared  from  either  strong  or  weak  acids,  were  not  found  to  remove  the  Ormosil  coating, 
though  HNO3  was  found  to  cause  cracking.  Basic  solutions  were  found  to  degrade  the  Ormosil 
coating.  For  example,  5-MNH4OH  promoted  Ormosil  film  flaking  as  the  coating  dried  after  the 
immersion  period;  5-M  NaOH  was  found  to  remove  effectively  each  of  the  four  investigated 
Ormosil  coatings  from  the  AA  substrate.  While  basic  solutions  were  shown  to  be  effective  for 


Table  V:  Effects  of  Various  Solvents  on 
the  Ormosil  Coatings  Under  Investigation 


Solvent 

Coating  Condition 

Methanol 

Flaked  Off 

Ethanol 

Not  Affected 

Isopropanol 

Not  Affected 

Acetone 

Flaked  Off 

Methyl  Ethyl  Ketone 

Flaked  Off 

Hexanes 

Not  Affected 

5-MHNO3 

Cracked 

5-MHC2H3O2 

Not  Affected 

5-MH2SO4 

Not  Affected 

5-MH3PO4 

Not  Affected 

5-MNH4OH 

Flaked  Off 

5-M  NaOH 

Removed 
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removing  the  Ormosil  coating  from  the  AA  substrate,  these  reagents  may  potentially  attack  the 
AA  substrate,  leading  to  degradation  of  the  metal. 


(c)  c  =  15  vol  %  (d)  c  =  25  vol  % 

Figure  10:  Removal  of  Ormosil  Coatings  from  Aluminum  Alloy  Surfaces  Using  Various 

Zincate  Solution  Concentrations 


In  order  to  avoid  degradation  of  the  metal  substrate,  zincate  solutions  were  also 
investigated  as  potential  coating-removal  reagents.  Zincate  is  a  highly  basic  solution  containing 
zinc  compounds  commonly  used  in  electroless  and  electroplating  applications.  In  this  study, 
zincate  solutions  were  found  to  remove  the  Ormosil  coating  from  the  AA  effectively,  leaving  a 
thin  zincate  layer  on  the  AA  surface.  This  is  illustrated  in  Figure  10,  in  which  the  dark  area 
represents  a  thin  zinc  layer  on  the  AA.  Very  low  zincate  concentrations,  c  <  1  vol  %,  were  found 
to  be  ineffective  for  removing  the  Ormosil  coatings  from  the  AA  substrate.  Increasing  the 
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zincate  concentration  to  c  ~  5  vol  %  facilitated  coating  removal.  Higher  zincate  concentrations, 
10  <  c  <  25  vol  %,  were  found  to  be  highly  effective  for  coating  removal. 

C.  LBL/Ormosil  Coating  Removal  Using  Dilute  Zincate  Solutions 
Figure  11  shows  that  coating  removal  time  (ter)  was  found  to  depend  on  the  zincate 
concentration.  For  the  investigated  Ormosil  film,  increasing  c  to  15  vol  %  led  to  a  decrease  in  ta. 
For  the  Ormosil  coating  under  investigation,  increasing  the  zincate  solution  to  higher  c  produced 
a  slight  increase  in  tCT.  The  tcr  value  is  also  expected  to  be  a  function  of  coating  composition  and 
structure,  as  thicker  coatings  may  require  a  longer  immersion  time  (4). 


300 

g  250 
© 

.1  200 

H 

2? 

§  150 

E 
• 

*  100 
o 
c 

1  50 

<5 

0 

Figure  11:  Coating  Removal  Behavior  as  a  Function  of  Zincate  Concentration  for  an 

Ormosil  Coating 

In  order  to  produce  a  clean  AA  substrate,  the  residual  zinc  layer  was  easily  removed 
using  a  dilute  phosphoric  acid  solution.  For  this  purpose,  very  dilute  solutions,  COH3PO4)  <  2 
vol  %,  were  the  most  effective  for  zinc  removal.  Higher  H3PO4  concentrations  were  found  to  be 
ineffective  for  removing  the  zinc  layer.  The  results  of  this  study  indicate  that  a  combination  of 
coating  removal  using  the  zincate  solution  followed  by  zinc  removal  using  dilute  phosphoric  acid 
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effectively  removes  the  Ormosil  coating  and  restores  the  AA  surface;  at  this  point,  the  cleaned 
AA  is  prepared  for  additional  coating  application  as  needed. 

In  summary,  dilute  zincate  solutions  may  be  used  to  remove  effectively  Ormosil  coatings 
from  2024-T3  AA’s  at  Tr.  The  coating  removal  technique  leaves  a  thin  layer  of  zinc  on  the  AA 
surface,  which  prevents  further  attack  of  the  metal  surface  by  the  basic  zincate  solution.  The 
7.inr.  layer  may  be  removed  easily  by  immersion  in  dilute  H3PO4,  which  maintains  the  integrity  of 
the  AA  surface. 

D.  LBL  Coating  Dissolution 
1.  Zincate  Solution 

LBL  film  assemblies,  taking  into  consideration  their  main  components,  also  provide  an 
interesting  challenge  for  coating  removal.  Experiments  show  that  dissolution  of  LBL  coating 
assemblies  from  the  AA  surface  using  dilute  alkaline  zincate  solution  requires  more-concentrated 
solutions  than  removal  of  the  Ormosil  thin  films  does,  as  is  shown  in  Figure  12.  (As  in  Figure 
10,  the  dark  area  represents  a  thin  zinc  layer  on  the  AA.)  These  results  indicate  that  only  a  25- 
vol-%  zincate  solution  can  effectively  remove  the  LBL  coating  assembly  from  the  AA  surface, 
compared  with  complete  removal  of  investigated  Ormosil  thin  films  starting  with  5  vol  %. 

Optimization  of  the  coating-removal  conditions  for  the  LBL/Ormosil  coating  system 
indicates  that  a  25-vol-%  zincate  solution  will  remove  both  coatings  in  3  min.,  as  is  shown  in 
Figure  13.  The  dark  area  represents  a  thin  zincate  layer  on  the  AA;  coating  removal  using 
zincate  solution  leaves  a  thin  layer  of  zincate  product  on  the  AA  surface.  Subsequent  zincate 
product  removal  using  dilute  H3PO4  restores  the  AA  surface. 
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Figure  13(a)  shows  bare  AA  after  a  4-min.  immersion  in  2%  H3PO4  as  a  comparison. 
Figure  13(b)  shows  the  partial  removal  of  a  15-layer  LBL/Ormosil  coating  (top)  following  a  3- 
min.  immersion  in  25-vol-%  zincate  (bottom).  Figure  13(c)  shows  the  partial  removal  of  the 
same  15-layer  LBL/Ormosil  coating  (top)  following  a  3-min.  immersion  in  25-vol-% 
(middle),  followed  in  turn  by  a  4-min.  immersion  in  2-vol-%  H3PO4  (bottom).  As  was  the  case 
for  the  Ormosil  coating,  in  order  to  produce  a  clean  AA  substrate,  the  residual  zincate  layer  was 
easily  removed  using  a  dilute  H3PO4  solution. 
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I  I  I 


Figure  13:  Removal  of  a  15-Layer  LBL/Ormosil  Coating  System  from  a  2024-T3 
Aluminum  Alloy  Surface  Using  25-vol-%  Zincate  Solution 


2.  Coating  Removal  Using  Oxalate  Solutions 

An  alternative  coating-removal  method  for  LBL  coatings  was  to  use  dilute  sodium 
oxalate  solutions.  Na2C2C>4  was  chosen  based  on  its  known  ability  to  passivate  aluminum 
surfaces  [42]  and  to  form  chelate  complexes  with  the  aluminosilicate  portion  of  the  clay  particles 
that  make  up  an  integral  part  of  the  LBL  composition. 

Removal  of  the  LBL  coating  system  and  the  subsequent  loss  of  corrosion-protective 
properties  it  provided  were  monitored  using  EIS.  Electrochemical  analysis  indicated  a  decrease 
in  Rtot  of  the  investigated  coating  system  during  the  incubation  in  Na2C2C>4  solution  is  dependent 
on  c  and  pH,  as  is  shown  in  Table  VI.  Rt0 1  was  found  to  decrease  during  the  incubation  in  the 
Na2C2C>4  solution  as  a  function  of  time  for  each  of  the  three  concentrations  of  Na2C2C>4 
investigated,  as  is  shown  in  Figure  14.  From  this  data  it  is  inferred  that  the  more  concentrated 
Na2C204  solution  ( c  -  10“3-10"2  M,  pH  =  6.8)  the  steeper  the  slope  of  the  polarization  resistance 
vs.  time  curve.  These  results  indicate  that  tCT  is  inversely  proportional  to  c(Na2C2C>4). 
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Table  VI:  EIS  Characteristics  as  a  Function  of  LBL  Coating  Removal  Time  in  Various 

Sodium  Oxalate  Solutions 
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Figure  14:  Total  Polarization  Resistance  During  the  Incubation  in  Various  Sodium 
Oxalate  Solutions  as  a  Function  of  Solution  Concentration  and  Time 
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Increasing  the  pH  of  the  0.01-MNa2C2O4  solution  from  6.8  to  10.3  of  0.01  M  was  found 
to  facilitate  LBL  coating  removal  from  AA  specimens,  as  is  plotted  in  Figure  15  and  illustrated 
in  Figure  16.  For  all  investigated  Na2C2C>4  solutions  (10~3-10-1  M,  pH  =  6.8),  i?tot  of  immersed 
LBL-coated  AA  specimens  (15  layers)  was  not  reduced  to  <48  kOcm2,  the  total  polarization 
resistance  of  AA  with  natural  oxide  film  on  its  surface.  This  is  indicative  of  the  benign  effect 
Na2C2C>4  has  on  the  AI2O3  surface  during  the  incubation  period  and  indicates  that  residual  C2O4 
ions  on  the  AA  surface  provide  an  inhibitive  effect  after  the  LBL  coating  systems  have  been 
removed.  Na2C2C>4  solutions  were  found  to  remove  the  LBL  coating  system  and  to  provide 
corrosion  protection  for  the  underlying  metal. 


Time  (hours) 


Figure  15:  Total  Polarization  Resistance  During  the  Incubation  in  0.01-M  Sodium  Oxalate 

Solution  as  a  Function  of  pH  and  Time 

E.  Summary 

In  summary,  two  methods  were  investigated  by  which  to  remove  the  LBL/Ormosil 
coating  systems  from  the  AA  substrate  “on  demand.”  Zincate  solutions  were  found  to  be 
effective  for  the  rapid  removal  of  the  LBL/Ormosil  coating  systems  from  the  metal  substrate 


-32- 


Investigation  of  Integrated  Coating  System  for  Corrosion  Protection 


leaving  a  thin  zincate  product  layer.  Na2C204  solutions  were  found  to  remove  the  LBL  coating 


system  and  to  provide  corrosion  protection  of  the  underlying  metal. 
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